Discharge of raw domestic wastes containing human enteric viruses into water courses, consumption of untreated water from canals, streams, and shallow wells in villages, and cross-contamination of water in the distribution system because of intermittent water supply in urban areas continue to cause widespread outbreaks of infectious hepatitis in India. To detect a low number of viruses in 50-to 100-liter samples of water, a method was developed with magnetic iron oxide as the virus adsorbent. Poliovirus-seeded dechlorinated tap water, adjusted to pH 3.0 and 0.0005 M AlCl3, was filtered through a 10-g bed of iron oxide sandwiched between two AP20 prefilter pads held in a 142-mm-diameter, stainless-steel holder. Virus was eluted from iron oxide by recirculating three times a 100-nil volume of 3% beef extract, pH 9.0. The eluate was reconcentrated to 5 ml by adjusting to pH 3, adding 1 g of iron oxide, stirring for 30 min, and eluting the readsorbed virus with 5 ml of beef extract, pH 9.0. Virus recovery varied from 60 to 80%. Using the above method, we took a survey of drinking water at three locations in Nagpur during 1976 In the above three studies (3, 4, 13), no attempt was made to concentrate and recover viruses into a small volume, a procedure which is essential in virus monitoring of water supplies. In the present investigation, a simple and sensitive method with magnetic iron oxide as the virus adsorbent was developed to detect viruses in drinking water. Results are presented of various experiments carried out to assess the best combination of parameters needed for an efficient recovery of a model virus seeded into 30 to 60 liters of tap water. 
The biggest water pollution problem in India is the discharge of raw domestic wastes containing a wide variety of human enteric viruses into water courses. Most of these water courses are used as potable water sources for downstream communities, who are thus exposed to health hazards from these pathogens. The people from villages and small towns defecate in open fields and on banks of canals and lakes, aggravating the situation, since during the rainy season, the fecal deposits are continually washed into subsurface water, improperly constructed wells, and lakes. Viral contamination of drinking water in urban areas is caused by the suction of contaminated subsoil water into leaky pipes of the water distribution system. This suction is due to the intermittent supply of water, which causes vacuum to develop in pipes during nonsupply hours.
Iron oxide was first reported as an adsorbent of influenza virus by Warren et al. (18) . Later, Rao et al. (13) utilized it for adsorbing a variety of human enteric viruses and other viruses suspended in 500-ml volumes of distilled water.
Bitton and Mitchell (3) recovered bacteriophage T7 by adsorption to magnetite, and Bitton et al. (4) studied the factors affecting poliovirus adsorption to magnetite in water and wastewater.
In the above three studies (3, 4, 13) , no attempt was made to concentrate and recover viruses into a small volume, a procedure which is essential in virus monitoring of water supplies. In the present investigation, a simple and sensitive method with magnetic iron oxide as the virus adsorbent was developed to detect viruses in drinking water. Results are presented of various experiments carried out to assess the best combination of parameters needed for an efficient recovery of a model virus seeded into 30 to 60 liters of tap water. Results of a virus survey of drinking water at different locations in Nagpur and elsewhere in India are also summarized in this report. filter papers held in a 142-mm-diameter, stainless-steel filter holder. Adsorbed viruses were eluted by recirculating three times 100 ml of 3% beef extract (Oxoid Ltd., London, England), pH 9.0, by positive-pressure filtration. Reconcentration of the primary eluate was achieved by adjusting its pH to 3, adding 1 g of iron oxide, stirring the mixture with a glass rod, settling the iron oxide and virus with a magnet, and eluting the virus with 5 ml of beef extract, pH 9 .0.
MATERIALS AND METHODS
Measurements of residual chlorine, turbidity, and coliform bacteria in field samples were carried out according to standard methods (1). For those laboratories which cannot afford an expensive filtration apparatus and where facilities for positive-pressure lines are not available, a different experimental setup may be used. The virus test sample is held in a 50-liter glass or polythene carboy, and, after adjusting the pH of the water to 3.0 and the AlCl3 concentration to 0.0005 M, about 8 g of iron oxide is introduced, and the sample is stirred with a glass rod for 30 min. Iron oxide with adsorbed virus is allowed to settle by gravity. This usually requires about 30 min at room temperature. The supernatant water is removed by siphoning. A solution of 100 ml of 3% beef extract (Oxoid Ltd.), pH 9.0, is then added, and the mixture is stirred intermittently with a glass rod for 30 min. A magnet is used to pull the iron oxide to one side on the bottom of the carboy, and the eluate is removed with the aid of a pipette. The pH of the eluate ususally drops to about 6.0 and is readjusted to pH 9.0. This eluate is poured back into the carboy to elute the iron oxide an additional time for 10 min.
RESULTS
Adsorption of poliovirus type I to iron oxide. Results of previous experiments (13) demonstrated that magnetic iron oxide adsorbs a variety of viruses suspended in 500-ml volumes of distilled water. In the present study, a number of experiments were performed to examine whether viruses suspended in tap water at its natural pH would adsorb to iron oxide in a flowthrough system. Four-liter volumes of dechlorinated, experimentally contaminated tap water (3.8 x 105 to 6.6 x 105 PFU of poliovirus I) were filtered at pH 7.8. The filtrate was sampled to determine the percentage of initial virus adsorbed to the iron oxide. Table 1 shows that 38% of the virus was retained. To increase virus adsorption, two beds of 4 g each of iron oxide were held in separate holders and used in series. The efficiency of virus adsorption increased to 50%.
Addition of salts. Addition of trivalent salts such as AlCl3 to tap water was reported to enhance virus adsorption to membrane filters (17) . At the natural pH (7. (Table 1 ). In spite of the fact that virus adsorption in the preceding experiments was high, this procedure could not be pursued further because of premature clogging of the iron oxide bed by the precipitate that formed in the water sample. The addition of MgCl2 was also reported to enhance virus adsorption to membrane filters (11, 17) , and the advantage of using this salt was that no precipitate formed in water at a pH of 7.6 to 7.8. Two experiments were conducted in which 1 and 18 liters of sample, pH 7.8, were seeded with poliovirus I, MgCl2 was added to a concentration of 1,200 mg of Mg2e per liter, and the samples were filtered through iron oxide. Adsorption of virus was decreased with increased sample volume ( Table 1) .
Influence of pH on virus adsorption to iron oxide. It has been previously shown that maximum adsorption of virus seeded into wastewater and water onto membrane filters occurs between pH 3.0 and 3.5 (11, 17) . Based on this observation, the effect of pH in the range of 3 to 8 on virus adsorption to iron oxide was examined. It was found that maximum virus adsorption occurred at pH 3. Two sets of experiments were conducted at pH 3 in the presence of MgCl2 or A1Cl3 (Table 2 ). In spite of the incorporation of MgCl2 at pH 3, 16% of the seeded virus passed through the iron oxide bed when the sample volume was large (18 liters). On the other hand, the addition of AlC13 to either a 1-or an 18-liter sample at pH 3 resulted in complete adsorption of virus.
Virus elution from iron oxide. (i) Eluant. Earlier experiments (13) indicated the superiority of 3% beef extract, pH 8, for eluting virus from iron oxide columns. In the present study, three separate experiments were conducted to determine the virus-eluting efficiency of 3% beef extract from iron oxide at pH levels of 8, 9, and 10. Results indicate that maximum recovery of virus (71%) was achieved at pH 9, whereas at pH 8 and 10 the respective virus recoveries were 42 and 38%. During these experiments, it was noticed that when the sample volume was increased to 30 to 50 liters, virus recovery was decreased. On closer examination, it was revealed that the pH (9.0) of the eluant (beef extract) decreased to 7.2 after elution because of the acidity imparted to the beef extract by the iron oxide bed, through which a large volume of the sample at pH 3.0 had been filtered. It is evident that a pH of 7.2 is not suitable for effective elution of virus.
To provide for an effective pH of 9.0, at which virus recovery was highest, beef extract was prepared in 0.05 M borate buffer (sodium salt).
However, consistent virus recoveries were not obtained in replicate experiments with boratebuffered beef extract. In subsequent experiments, care was taken to drive out residual acidic water from the iron oxide bed by increased air pressure. An additional precaution taken was that the iron oxide bed was soaked for 15 min in 20 ml of beef extract which was passed through the air valve nozzle on the filtration unit, and thereafter the whole volume of 100 ml was recirculated three times through the bed. The resultant pH of the eluate was 8.6. In two experiments, 4 and 50 liters of tap water were seeded with virus and processed as described above. Virus recoveries ranged from 86 to 100%.
( Table 3 . The recovery from 800-ml volumes averaged 52% and was significantly lower (P < 0.05) than the average recovery from smaller volumes, based on confidence intervals calculated from a t-distribution. Reconcentration experiments carried out subsequently indicated superior performance of casein, pH 8, in eluting virus from iron oxide. The efficiency of the entire procedure was tested in a number of experiments with 1 to 30 liters of tap water ( Fig. 1; Table 4 ). It may be seen that the quantity of virus seeded in these experiments was small and ranged from 10 to 260 PFU. Virus recovery of 60 to 80%, with an average value of 74%, was observed.
Survey of drinking waters with the iron oxide method. The iron oxide method was used in the isolation of viruses from drinking waters. Well waters, 20 to 40 liters, from household as well as community wells were examined. Five of nine samples were positive and yielded 4 to 8 PFU per sample (Table 5) .
During the survey of drinking water for the presence of enteric viruses in Nagpur, a total of 50 samples were processed, and viruses were isolated from 7 of them collected from the distribution system (Table 5) . No virus was detected in a 60-liter volume of the finished water at the treatment plant (which is a conventional one). Viruses were demonstrated in seven samples in which coliform bacteria were absent. Total residual chlorine levels in these samples varied from 0.2 to 0.8 mg/liter, and the turbidity ' Viruses isolated from well waters used for drinking.
of the water ranged from 1 to 9.2 Jackson turbidity units (Table 6 ).
In connection with outbreaks of infectious hepatitis, drinking water samples from Yeotmal, Kamptee (small towns near Nagpur), and Bombay were also examined. Viruses were detected in the range of 1 to 7 PFU in 5 to 40 liters of water (Table 5 (Table 4) .
The occurrence of human viruses in drinking water may be due to either wastewater contamination of the treated water in the distribution system or inadequate source water treatment. In the present investigation, the possibility of wastewater incursion into the water distribution system seems more probable to explain the presence of viruses in drinking water, since no viruses were detected in the finished water at the treatment plant. It may be pertinent to point out that water supply in most of the cities in India is intermittent, and during nonsupply hours considerable vacuum develops in the distribution pipes, creating a suction of wastewater which leaked out of the sewer system.
World literature indicates isolation ofdifferent human viruses from some samples of treated drinking water (5) . Recovery of poliovirus from drinking water containing free chlorine levels of 1.3 to 1.7 mg/liter has been reported (8) . In our study, viruses were detected from water containing 0.2 to 0.8 mg offree chlorine per liter. Though these chlorine levels may be sufficient to destroy laboratory strains of virus in water free of organics, experiments conducted by Bates et al. (2) would partly explain how viruses could persist in spite of the presence of residual chlorine in water. Using poliovirus I, they reported results of a laboratory study that suggested that viral progeny of the fraction that remained viable after repeated exposure to chlorine may have become innately more resistant to chlorine inactivation. In another study (P. T. B. Shaffer, T. G. Metcalf, and 0. J. Sproul, paper presented at the American Society of Civil Engineers National Environmental Engineering Conference, Vanderbilt University, Nashville, Tenn., 1977), it was shown that some poliovirus suspensions prepared from field isolates were more chlorine resistant than laboratory strains of the virus tested under similar conditions. Prevalence of wild poliovirus types in Nagpur sewage has been recorded (12) , and it is possible that the viruses isolated from water in the distribution system belong to such strains, which may be more resistant to chlorine inactivation.
